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Abstract

The High Current Experiment (HCX) is used to study
beam transport and accumulation of electrons in
quadrupole magnets and the Neutralized Drift-
Compression Experiment (NDCX) to study beam
transport through and accumulation of electrons in
magnetic solenoids. We find that both clearing and
suppressor electrodes perform as intended, enabling
electron cloud densities to be minimized. Then, the
measured beam envelopes in both quadrupoles and
solenoids agree with simulations, indicating that
theoretical beam current transport limits are reliable, in
the absence of electrons. At the other extreme, reversing
electrode biases with the solenoid transport effectively
traps electrons; or, in quadrupole magnets, grounding the
suppressor electrode allows electron emission from the
end wall to flood the beam, in both cases producing
significant degradation in the beam.

INTRODUCTION

Electron cloud effects (ECEs) [1] and beam-induced
pressure rises [2], that are frequently observed to limit the
performance of high-energy physics colliders and high-
intensity rings, are also a concern for future high-intensity
heavy-ion linear accelerators such as envisioned in Heavy
Ion Inertial Fusion (HIF) [3] and as applied in the near
term to high-energy-density physics (HEDP) [4,5]. We
are engaged in an experimental and theoretical program to
measure, understand, and model these effects in heavy-
ion accelerators [6-20].

In this paper, we report the use of clearing electrodes to
remove electrons from the drift regions between
quadrupole or solenoid magnets and also to measure the
electron flow; a suppressor electrode to block (or allow)
the flow of electrons from the end wall; an electrode in
the center of each solenoid that can be biased negatively
to expel electrons; and an electrode, lining the beam tube
in the last quadrupole magnet, that serves as a capacitive
electrode in addition to measuring electron emission and
collection.

Clearing electrodes have been successfully used in
conjunction with stripper-foil biasing and electron
bending magnets to remove several classes of electrons
that were generated at the stripping foil in the Proton
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Storage Ring (PSR) injection region [21]. Clearing
electrodes have also been used to remove ions from
negatively charged beams (electrons or antiprotons) [22-
29]. In some experiments, the maximum stored electron
current increased by factors of up to 6 [26,28]. Different
electrode configurations have been successfully used:
dipole electric fields from long partial cylinders on
opposite sides of the ion beam [21], button probes flush
with walls for low coupling impedance with the stored
electron beam [23,24,28], and strip lines [26,28]. Button
probes are frequently used in drift regions or in negative
potential well pockets formed by enlargements of the
chamber [22], with strip lines along the length or at both
ends of bending magnets [22,28] or also in straight
sections [26].

On the High Current Experiment (HCX), we chose a
different clearing electrode configuration — we use a ring
electrode surrounding the beam in each drift region
between quadrupole magnets, with a positive bias to
attract electrons, as will be described in more detail in the
next section. The HCX provides a 1 MeV, 180 mA, K+
ion beam that has been used to study ion beam transport
in electrostatic quadrupoles [30], beam induced electron
emission and gas desorption [7,12,17], and electron cloud
and gas effects in magnetic quadrupoles with a field
gradient of ~10 T/m. The beam has a space-charge
potential of ~2 kV, a rise time of 0.4 us and fall time of 1
us, a flattop duration of 4 us, and a pulse repetition
interval of 10 s. An aperture can be inserted at the D2
diagnostic region, immediately preceding the magnetic
quadrupoles, to reduce the beam current to 32 mA and
~300 V beam potential. Electron transit times between
walls are in the range of 4 ns (11 ns if apertured) for an
unneutralized beam, almost 3 orders of magnitude shorter
than the flattop duration. This enables exploration of
unique electron trapping regimes: beam-induced
multipactor trapping, that is frequently observed with in rf
accelerators, will not occur during the flattop, and trailing
edge multipactor is not an issue because any electrons
generated will be lost before the next pulse in ~10 s.
However electrons, emitted from a beam-tube wall under
beam bombardment, will be trapped during the current
rise at the beam head. Ionization of gas by the beam
generates electrons that are deeply trapped; the associated
ions from gas are expelled in <1 us. Electrons, emitted
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Figure 1. Magnetic quadrupole region of HCX, from D2
diagnostic region on the left to the D-End diagnostic
region beginning on the right. The half lattice length is
0.52 m. Clearing electrodes a, b, and c are shown in the
drift regions between each pair of quadrupoles. A
suppressor electrode prevents beam induced electron
emission, from structures hit by beam in D-End, from
reaching the quadrupole magnets.
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Flgure 2 Four solen01d magnets assembled on the
solenoid transport section of the NDCX. The e-cloud
diagnostics are shown in blue, labeled with their numbers.
The peak magnetic fields are listed for each magnet for
the operating beam envelope.

Figure 3. Expanded view of first 2.2 solenoids of NDCX,
showing e-cloud electrodes relative to the magnetic field.
Magnetic field lines map from the downstream electrode
of e-trap 1, to e-cloud electrode 2, and extend from the
wall into the outer half of the beam radius.

from an end wall, will be pulled into the positive beam
potential, and will be transported upstream in quadrupole
magnets by electron drifts (ExB, grad-B, and curvature).
Suppression and clearing of these backstreaming
electrons, or consequences for the beam if electrons
accumulate, is the subject of this paper.

On the Neutralized Drift-Compression Experiment
(NDCX) we carried out experiments to study the

matching and transport of a space-charge-dominated ion
beam in the solenoid transport channel, paying particular
attention to the effects of gas and electrons on the beam.
The nominal energy of the potassium (K+) beam was 300
keV, and the beam current, limited by a 1-cm-radius
aperture, was in the range of 26-30 mA for all the data
shown here. This facility has demonstrated longitudinal
beam compression by a factor of 50 [31]. The e-cloud
experiments will be described in greater detail elsewhere
[32]. Here we discuss some highlights. The setup for
these four-solenoid-transport experiments is shown in Fig.
2.

Solenoid midpoints are separated by 60 cm, and the
beam-pipe inner radius is 4.6 cm. Gaps were provided
between solenoids to allow for acceleration or diagnostics
on future facilities. The magnetic field decreases by
factors of several in these gaps, resulting in some
magnetic field lines intercepting the beam pipe; this is
quite different from using solenoidal fields to suppress
electron clouds, for which a uniform strength field is
desired so that electrons from the wall cannot reach the
beam [33]. Beam diagnostics are provided in an end tank,
as shown in Fig. 2. The beam at the exit of the diode was
also characterized in detail with identical diagnostics for
all runs. A set of electron-cloud diagnostics was installed
and commissioned.

These “e-cloud” diagnostics consist of short (8.5 cm
long) cylindrical electrodes in the center of each solenoid
magnet, and long (25 cm long) cylindrical electrodes
covering the gaps between magnets to intercept
expanding magnetic flux [16]. We will refer to these as
“solenoid electrodes” and “gap electrodes” respectively,
and we label them E1 through E7. These electrode can be
independently biased between =1 kV. In particular, the
solenoid electrodes can be biased negatively to repel
electrons, while the gap electrodes can be biased
positively to clear electrons from intercepted field lines
and suppress emission. Reversing the biases, we can trap
electrons that are emitted from the gap electrodes between
magnets. Electrodes E1 through E7, shown in Fig. 3,
measure and control electrons on the outer flux tubes
through the beam. An added electrode ES8, originally
called Trap 2, intercepts flux through the inner radii of the
beam to within 0.75 cm of the axis, providing additional
control of electrons on the inner flux tubes. The functions
of the suppressor electrode on HCX are filled by E8 and
by a pair of parallel plates near the end-wall, which can
be biased to collect either ions or electrons.

The electrostatic particle-in-cell code WARP [34,35]
has been upgraded to handle multiple species and to
model such species interactions as gas desorption,
collisional ionization, and release of electrons from walls
[20]. Primary and secondary electron production at walls
is managed by the POSINST electron-cloud package [36],
while impact ionization is handled by the txPhysics
library [36]. An additional module handles desorption of
neutrals [9]. Electrons are advanced with a time step that
is one fifth that of heavier species, and a “drift-Lorentz”
electron-advance algorithm [11] allows time steps much



greater than their gyrofrequency. In addition, the Chombo
mesh-refinement code [8] is incorporated into WARP but
is used only where noted in the simulations reported here.

TESTS OF SUPPRESSOR AND
CLEARING ELECTRODES

These electrodes were tested first with quadrupole
beam transport; secondly, a revised set was tested with
solenoid beam transport.

Quadrupole transport

Fig. 1 shows the HCX in the region of four magnetic
quadrupoles. To the left is the D2 diagnostic region
(preceded by 10 electrostatic quadrupoles) followed by 4
magnetic quadrupoles. Each magnetic quadrupole has 30
cm long magnetic field coils in a 47 cm length elliptical
tube that has minor and major inner radii of 3 cm and 5
cm respectively. Seven ports provide diagnostic access in
the 5 cm gap between each pair of magnets, and after the
last one.

A suppressor ring, that is 10 cm diameter and 10 cm
long, was installed surrounding the beam after it exits the
last magnet. It can be biased to —10 kV to prevent
electrons that are created by beam impinging on metal
surfaces from being transported back into the quadrupole
magnets. For these experiments, the front plate of a slit
scanner is inserted, providing a grounded-metal end-wall
surface on which the ion beam impinges, generating =6
electrons per incident ion [7]. It is located about 30 cm
downstream of the end of the last quadrupole magnet
winding.

Clearing electrodes were installed in the 5 cm gaps
between quadrupole magnets for the purpose of sweeping
electrons from each drift region by applying a positive
bias voltage. Each clearing electrode is a circular ring,
concentric with the beamline axis with a toroidal inner
diameter of 8 cm and a poloidal diameter of 1.3 cm. This
places the electrodes ~1 cm outside of the magnet bore so
that beam halo ions do not strike them.

A capacitive electrode, 28 cm long, surrounding the
beam and nearly flush to the 3 x 5 cm radius magnet bore
was installed in the fourth magnetic quadrupole.

The currents to the capacitive electrode in the fourth
magnet and to each of three clearing electrode are shown
in Fig. 4 with the suppressor electrode biased to 0 and —10
kV, The capacitive electrode shows the expected positive
value during the beam head and negative value during the
tail, Fig. 4(a), which results from capacitively coupling to
the rising beam potential at the head and to the falling
potential at the tail of the beam. When the suppressor is
biased to —10 kV, we observe during the nearly flat
portion of the beam pulse that the capacitive current
changes from negative to positive (from collecting to
emitting electrons) and the positively biased clearing
electrode-c current decreases to about half its previous
value, indicating that about half of the electrons originate
at the end wall and half elsewhere — precisely where is
left to future investigations. These measurements all
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Figure 4. Currents to (a) a capacitive electrode in
quadrupole magnet 4, (b) clearing electrode-c between
magnets 3 and 4, (c) clearing electrode-b between
magnets 2 and 3, and (d) clearing electrode-a between
magnets 1 and 2 (See Fig. 1 for locations).
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Figure 5. (a) The bias on clearing electrode (c) is varied,
with electrodes (a) and (b) biased to +9 kV, and the
suppressor electrode at O V. (b) The bias on clearing
electrode (b) is varied, with electrode (c) at 0, and (a) is at
+9 kV.

indicate fewer electrons in the quadrupole magnets when
the suppressor is biased to —10 kV. This, combined with
voltage scans showing similar currents for all suppressor
biases greater than-5 kV, is consistent with the suppressor
blocking electron flow from the end wall when biased to
-10 kV.

As mentioned, the current to clearing electrode-c
(between the third and fourth quadrupole magnets) is also
strongly affected by the suppressor electrode, decreasing
by about a factor of two when the suppressor is on at —10
kV, Fig. 4(b). This demonstrates that electrons drift
upstream through the fourth quadrupole magnet to reach
clearing electrode-c. However, the currents to clearing
electrode-a and electrode-b are unaffected by the
suppressor bias, the currents are nearly identical to
electrode-b and even more identical to electrode-a, Fig.
4(c,d). To better quantify how identical the currents are,
we average the difference in the currents between 7 and
8.5 us, finding that the change in current to electrode-a is
0.2+0.6 mA, while that to electrode-b is 0.6+0.6 mA, both
small compared with the change in current to clearing
electrode-c current of ~5-20 mA. This indicates that
clearing electrode-c is performing as it was intended to; it
removes essentially all electrons from the drift region
between magnets 3 and 4.

We further test the operation of the clearing electrodes
by leaving the suppressor voltage at zero to allow back-
streaming electrons to flow into the magnetic
quadrupoles, then measuring the current to each clearing
electrode as we vary the potential on one clearing
electrode at a time. In Fig. 5(a), we plot the current to
each clearing electrode as the potential on clearing
electrode-c is varied while the bias voltages on
electrodes-a and electrode-b are held constant at +9 kV.
Small changes in current are observed for bias voltages
between 1 and 4-8 kV. Below +1 kV, the current to
electrode-c decreases from —19 mA to zero, while that to
electrode-b increases from -5 to —25 mA, and that to
electrode-a stays constant at ~-5 mA because any
electrons that get past electrode-c are cleared by
electrode-b.

In Fig. 5(b), we vary the bias on electrode-b, while the
bias of electrode-c is left at zero, the bias of electrode-a is
at +9 kV, and the bias of the suppressor is still at zero.
The behavior is analogous to that above, the current to
electrode-b remains nearly constant for bias voltages
exceeding +1 kV, then decreases from —7 mA to zero
below 1 kV bias. As the current to electrode-b decreases,
that to electrode-a increases by a similar amount, and that
to electrode-c remains near zero.

These results all indicate that the clearing electrodes are
performing as intended: when biased to a sufficiently high
positive voltage, a clearing electrode removes essentially
all the electrons in that drift region. For example, if the
bias on electrode-c is not high enough, then electrons leak
through to electrode-b increasing its current, but
electrode-b removes all the electrons from that drift
region as intended so that the current to electrode-a
remains constant. Similarly, if the bias on electrode-b is
lowered, electrons can leak through to electrode-a.

The bias voltage required for effective clearing is less
than we expected: most of the effectiveness (~85%) is
achieved with a clearing-c bias of +1 kV, with the
remaining 15% gain in effectiveness as the bias increases
to +4 to 8 kV. First, we expected that injection from the
end would fill the entire beam cross section with
electrons, including deeply trapped electrons on the beam
axis that would require a bias exceeding the beam
potential to remove them. Second, for the electrode
geometry: 1.3 cm minor diameter, 8§ cm major (inner)
diameter, we expected to need a considerably higher
electrode bias to overcome the beam potential on axis.
This may match our expectations for the beam near the
axis, the final 15% of current is likely to come from the
inner 15% of the beam, which corresponds to the inner
40% of the radius, and this required 2-8 kV to clear from
the drift region. In other work, we separately studied the
clearing of weakly and deeply trapped electrons [16]. We
found that a clearing electrode bias of +300 V was
sufficient to remove most weakly trapped electrons and
about +1000 V was sufficient to remove most deeply
trapped electrons; however the latter value may be low
because new weakly-trapped electrons are being
generated at the end-of-pulse at the same time that deeply



trapped electrons are detrapped and we cannot distinguish
the two populations.

The electron cloud line charge (in Coulomb/m) has
been measured to reach 79-89% of the beam line charge
when the suppressor electrode bias is zero [13]. Slit scans
under these conditions show a severe “Z-shaped”
distortion of X-X’ phase space, which is reproduced by
the WARP code [11]. The electron cloud line charge is
minimized to <7% when the suppressor and clearing
electrodes are all biased to —-10 kV and +9 kV
respectively [13]. Under these conditions, slit scans in
experiment and simulation show little or no distortion of
X-X’ phase space due to electrons [11]. It is clearly
important to limit the influx of electrons, as uncontrolled
electron clouds can significantly degrade an ion beam
within only two lattice periods. It is encouraging that
suppressor electrodes can limit the influx, and clearing
electrodes can reduce the electron line charge by factors
of at least three [13].

Solenoid Transport

Recent NDCX runs use the four-solenoid layout shown
in Fig. 2. WARP simulations show that, in the absence of
electrons, the tune indicated in the figure 2.6 T, 1.4 T, 1.4
T, 2.3 T) catches the beam after the 1-cm-radius aperture
and maintains a fairly constant 2-cm radius through the
lattice, until the final solenoid pinches the beam to 0.8
cm. We normally run the solenoids with the axial
component of the magnetic field aligned in the same
direction.

Overlaying the measured current to each of the internal
electrodes shows several interesting features. The
dominant feature shown in Fig. 6(a) is the capacitive
pickup from the beam head. We note that the signals are
displaced in time, corresponding to the time of flight of
the beam to each electrode, corroborating the number and
location of electrodes, and the width of the spikes
alternates between narrow and wider, corresponding to
the short solenoid electrodes and the longer gap
electrodes respectively. In addition, the peak amplitude
increases at successive electrodes. We attribute this
increasing amplitude to drift-compression of the beam
head, resulting from the increasing voltage at the head of
the Marx waveform. This interpretation is supported by
Faraday cup data. No current spike is observed at the
beam head immediately after the source, but after two
solenoids, we see a leading spike of 30-40 mA, and after
four solenoids, the spike has grown to 40-60 mA.

Simulations of the current to each electrode are shown
in Fig. 6b. We note that each of the features of the
measurements discussed above is also seen here. The
time-of-flight displacements, the growth of the signal
(although not as pronounced), and the alternating of
longer and shorter electrodes are all apparent. The initial
magnitude is similar, near 20 mA, but the current in the
simulations grows to about 30 mA whereas the Figure 6.
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Figure 6. Comparison of (a) the current monitored on the
NDCX internal electrodes with bias voltages set to clear
electrons, and (b) the corresponding WARP calculation.
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Figure 7. Left column: measured transverse beam
distribution; right column: measured transverse phase
space (note scale difference) for the clearing case and the
trapping case.

2 @) 350 - 2000

300
—
250 5

50 W)

- 1500
[~ 1000
- 500
-0
2 -1 0 1 2 2 -1 0 1 2
X (cm) X (cm)

Figure 8. WARP simulations of the beam (a) transverse
structure and (b) phase space for a case where the bias
pattern of internal electrodes is chosen to clear electrons.

This image is a projection of the final 0.5 m of beam,
recorded 4 us into the pulse.



Table 1: Measured and simulated beam envelope radius a, and envelope angle a’, for electrostatic quadrupoles, magnetic
quadrupoles, and magnetic solenoids. Both X and Y values are given for magnetic quadrupoles only.

Electrostatic Magnetic quads | Magnetic quads Sol. Magnets
Quads
a a’ a a’ b b’ a a’
(mm) | (mrad) | (mm) | (mrad) | (mm) | (mrad) | (mm) | (mrad)
Experiment | 12.24 38.52 12.0 -18.8 18.4 31.6 7.37 -11.04
Simulation | 12.07 35.46 14.42 | -14.39 18.28 33.82 8.10 -10.20
experimental current grows to about 50 mA. The study halo [38], than it is in simulations, and

experimental waveform is used in the simulations, so that
is accurate; however, either the mesh size or the time step
may be too large near the ion-emitting surface in the
source. These possibilities are being checked.

Images of the transverse beam structure, like those in
Fig. 7 taken about 5 us into pulse with a 500-ns gate,
show a clear difference between the clearing and trapping
bias patterns. The co-ordinate space image for the
clearing pattern shows a roughly circular 6.3-cm beam
spot, with the density varying by about 25 % across the
top plus a small 50% density depression at the center.
The transverse phase space for this case shows the beam
emittance of 19 mm-mrad and an envelope convergence
angle of -8.5 mrad. In contrast, the case with the bias set
to trap electrons has a larger spot size, a very irregular
density profile, and an emittance that is five times larger
than is found for the other bias pattern.

We estimate the electron density from the currents to
the electrodes. For the clearing bias case, we set the
electron energy to the electrode bias to determine the
electron velocity; then from the continuity equation we
compute an electron line charge of 0.5% of the beam line
charge. For the trapping bias, we assume that all emitted
electrons are trapped; integrating the emission current
yields an electron line charge of ~80% of the beam line
charge. These values should be regarded as preliminary,
as they have not been critiqued and cross-checked to the
degree that our measurements of electron line charge in
quadrupoles have been verified [13].

Simulations of clearing cases provide reasonable
agreement with experimental data, showing an
approximately circular spot and uniform convergence
angle. Fig. 8, for example, shows a projection of the final
meter of beam at 4 ps. Unlike the experiment, however,
cases with electrode voltages chosen to trap electrons
show nearly the same transverse structure and time
history. This result is not surprising. We currently believe
that we have beam halo that scrapes the electrodes,
producing electron and gas emission from the surfaces.
We measure emission currents from negatively biased
electrodes that are consistent with this hypothesis.
However, beam halo has been observed to be significantly
worse, even in experiments designed to minimize and

circumstantial evidence indicates that the same is true in
our experiments and simulations. Without a mechanism to
generate the observed gap-electrode current in the
trapping case, the simulations will not be able to
reproduce the trapped electron density or the effects of
this on the beam emittance.

We have compared measured and computed beam
envelopes for electrostatic quadrupole transport [30],
magnetic quadrupole transport [39] and solenoid transport
of heavy-ion beams [32], for cases where e-clouds are
minimized. (Note that e-clouds are expected to be absent
with electrostatic quadrupoles for which the applied
electric field dominates over the space-charge field of the
beam.) We find agreement in the radius (a) to within 10%
or 1 mm and envelope angle (a’) to within 10% or 3 mrad
in these cases, as listed in Table 1; except that for
magnetic quadrupoles the error was as large as 23% in the
X envelope angle but only 7% in the Y angle, and 0.7% in
the Y radius. The agreement between experiment and
simulation is similar to the accuracy of the experimental
data. Each case was evaluated carefully, but with slightly
different techniques, which we plan to discuss in more
detail in a future publication.

From this agreement, we conclude that theoretical
estimates of beam-current limits are accurate, as long as
e-clouds are small enough to have a negligible effect on
the beam. Other results in this paper demonstrate that
clearing and suppression electrodes are effective at
minimizing e-cloud densities to such negligible levels.
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